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Jiri Open-Pit Coalmine with highly productive coal measure is located in a famous and protected spa region with artesian thermal springs. A 
pressurized aquifer underlies the mine and the mining advance is limited by hydraulic fracturing hazard, which could result not only in 
flooding the mine, but also in dangerous changes of the hydro-geological conditions of the whole region. To prevent this hazard, the aquifer 
pressure has been reduced by flowing wells. To estimate the feasibility of the mining advance at a minimum pressure head reduction, i.e. at 
minimum environmental impact, an interactive procedure with numerical models calibrated according to field measurements and monitoring 
system updated according to numerical solutions has been applied since 1976 up to the present time. The predicted and observed 
performance of the mine in safe and critical conditions, the estimated failure mechanisms and the accidents occurred, as well as different 





A rather complicated problem of environmental geotechnics and 
hydrogeology and the way of its solution is outlined in the paper. 
The Sokolovsko Coalfield with highly productive coal measure is 
located in a famous spa region Karlovy Vary (Fig. 1) with 
artesian thermal springs. A pressurized aquifer underlies the 
open-pit coalmines and the mining advance is limited by 
hydraulic fracturing hazard, which could result not only in 
flooding the mines, but also in dangerous changes of the hydro-
geological conditions of the whole region.  
 
The paper focuses on the case history of Jiri Mine, which is 
noted for highly productive coal measure of good quality and 
should continuously be operated up to 2030. Due to removing the 
overburden (70-170m), substantial unloading occurs to the 
protective rock barrier (50-60m) formed by practically 
impervious tuffaceous claystone. If the aquifer water pressure 
exceeds the minor principal stress and tensile strength of the rock 
barrier along the confining boundary, hydraulic fracturing could 
occur. To prevent the hydraulic fracturing hazard, the aquifer 
pressure head has been reduced by flowing wells. To estimate the 
feasibility of the mining advance at a minimum pressure head 
reduction, i.e. at minimum environmental impact, an interactive 
procedure using numerical models calibrated according to field 
measurements and a monitoring system updated according to 
numerical solutions has been applied since 1976 up to the present 
time. This approach provides Authorities with a reliable input for 
decision-making resulting in a more effective mining advance 
control. 
During the first relatively safe period of mining (1976-1990), the 
measurement results were back analyzed in order to select a 
proper constitutive model and parameters for materials. Using 
2D FEM, the possible failure mode of the rock barrier was 
predicted. Due to large horizontal stresses, there is not much 
probability of cracking of the barrier by bending, assumed 
before. Instead of that, opening of flow paths along the faults and 
seams reducing the impermeability of the rock barrier could 
occur. Such critical situations happened during the second period 
(1991-1999), when the mine reached the maximum depth. 
Occasional rupture of casings of wells crossing the rock barrier 
took place, which caused temporary pressure drop in the aquifer. 
The reasons of these accidents and the related failure mechanism 
were discovered by coupled 2D UDEC simulations, which well 
matched the observations. Monitoring of the hydro-geological 
conditions of the rock barrier has been suggested and large 
coupled 3D FEM models well fitting the geometry of the mine 
and configuration of the faults implemented. The 3D models 
predicted hydraulic fracturing hazard along a large tectonic fault 
approached by the mine. Local water pressure head reduction and 
other measures were recommended, but unfortunately they have 
not fully been accepted. In 2000 the mine reached the Grasset 
Fault and due to local unbalance of the fluid pressure and rock 
pressure some accidents occurred. In order to cope with the new 
situation, a refined approach to the safety assessment reflecting 
the varying aquifer permeability, 2D parametric studies of 
different safety measures and extended 3D models were 
elaborated. All these works and the current situation of the mine 
are outlined below.  
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BACKGROUND INFORMATION 
 
Jiri Open-Pit Coalmine has been operated since 1960 and owing 
to thick coal seam of good quality  (sulphate content under 1%, 
thickness up to 40 m) belongs to the economically most attractive 
facilities of Sokolovsko Coalfield (Fig. 3). The layout of the 
mine with measuring adits is shown in Fig.1. The mine moves in 
east–west direction making of about 100 m in a year. The 
excavation front is of about 2 km and the width of the mine 
bottom kept as small as possible does not exceed 100-150 m.  
 
A typical cross section displaying the mining advance and the 
characteristic geological and hydro-geological conditions of the 
mine is shown in Fig.2. Crystalline rock, sandstone and a thin 
coal seam form the artesian water-bearing stratum. The pressure 
aquifer is confined by tuffaceous claystone creating together with 
a clayey coal stratum impervious rock barrier (50-60 m). This 
stratum underlies the 40 m thick upper coal seam covered by stiff 
fissured clays forming the overburden (70-170 m). 
Deformation and Strength Characteristics. To investigate the 
properties of volcanic-detrital tuffaceous claystone and xylitol-
detrital coal seams, field tests in an exploratory adit were carried 
out (Hudek et al. 1986). The main results of these tests are 
summarized in Table 1. The symbols denote unit weight, initial 
moduli at loading and unloading, Poisson ratio, cohesion, friction 
angle and tensile strength. Faults(1) refer to faults in tuffaceous 
claystone, Faults(2) to those in coal seam. 
 
















22.7 200 1400 0.25 0.27 28.3 0.20 
Faults (1) 19 90 600 0.25 0.10 19.4 0.06 
Coal 11.9 170 550 0.20 0.18 30.5 0.06 
Faults (2) 11.9 80 300 0.20 0.06 30.5 0.03 
 
Hydraulic Transmissivity and Storativity of Aquifer Strata. These 
characteristics were determine by pumping tests (Pazdera and 
Vobornikova, 1992) and used to evaluate coefficients of 
permeability. The upper part of the aquifer formed by granite, 
sandstone and by the lower coal seam was mainly investigated. A 
summary of hydraulic properties of the aquifer strata including 
crystalline rocks of varying permeability (permeable granite and 
almost impermeable metamorphic granite) is given in Table 2. 
 
Table 2. Hydraulic properties of the aquifer strata 
 
Material Transmissivity  





Sandstone 10-5 to 10-3 10-5 to 10-3 2.10-6 to 10-4 
Coal 10-5 to 10-3 4.10-5 to 10-3 6.10-6 to 10-5 
Granite 3.4.10-5  1.7.10-6  
Metamorphic 
Granite 







Coal ( ~ 40 m)
Tuffitic claystone (rock barrier)





Water pressure head in 1998:
- original  : 167 m











Fig. 2   Cross section of Jiri Open-Pit Coalmine loaded by 
artesian water pressure
Fig. 1   Layout of Jiri Mine with measuring adits excavated 
along the coal seam bottom
Measuring Adits
KARLOVY VARY SPA
in a distance 15 km
SOKOLOVSKO COALFIELD
in a protected spa region
MONITORING:
•  heave by precise leveling




 heave by magnetic setlement
    plombs in boreholes
aquifer piezometric head by
    observational wells
piezometric head, floe rate
    and chloride content by
    observational wells in the






Fig. 3   Jiri Mine - view of the 40 m thick coal seam
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Piezometric Head. According to the observational well records, 
the aquifer piezometric head before mining was at El. 367 m 
above the sea level. To make the mining advance possible, the 
pressure head has gradually been reduced via flowing wells since 
1989 and reached El. 342 in 1993, El.332 in 1996 and El. 329 in 
1998. Nowadays, the piezometric head is at El. 330 – 333 in the 
central part of the mine and at El. 323 along the Grasset Fault. 
 
Geostatic Stress State. The components of the in situ stress state 
of the region before mining are determined by the overburden 
self-weight in vertical direction and by the lateral pressure 
coefficient at rest K0 in horizontal direction. A possible interval 
of K0= 0.6-0.8, which was meaningful for assessing hydraulic 
fracturing hazard, was found in an indirect way, by back 
analyzing the measured mine bottom heave (Dolezalova, 1986).  
 
The feasibility of open-pit mining in given conditions depends on 
a number of factors (altitude of the mine bottom, thickness of the 
rock barrier, occurrence and character of tectonic faults, 
permeability of aquifer strata), which vary as the mine advances. 
Accordingly, three characteristic periods of the mining advance 
are distinguished in the following: a relatively safe period up to 
1990, a critical period with deepest altitude of mining up to 2000 
and the current stage influenced by Grasset Fault. 
 
 
MINING ADVANCE IN SAFE CONDITIONS 
 
In 70s and 80s of the last century the mine bottom deepened by 
about 70 m (from El. 370 m to El. 300 m, Fig. 2), but the rock 
barrier dead weight given by its thickness always exceeded the 
aquifer pressure along the confining boundary. Furthermore, 
competent rock with no/or sporadic faults formed this part of the 
barrier. Thus no rock pressure/fluid pressure unbalance causing 
hydraulic fracturing hazard could occur in this period of mining. 
 
Interactive Process of Monitoring and Modeling. During the safe 
period, methods and tools allowing solving the forthcoming 
problems of mining in the critical region have been developed. 
To assess the effect of unloading on the rock barrier due to 
excavating the maximum overburden and find the optimum 
pressure head reduction, almost all existing methods for solving 
rock mechanics problems (analytical solutions, physical models, 
field measurements and numerical methods) have been 
examined. While most of methods well predicted the necessary 
pressure head reduction, they failed to estimate the expected 
deformation. At the end the above-mentioned interactive use of 
monitoring and numerical models came out as the best approach 
for checking feasibility of the mining advance and safety of the 
mine.  
 
The interactive process was started by a pure prediction using 2D 
FEM (Dolezalova et al. 1977).  Maximum heave of the unloaded 
mine bottom of about 0.80 m was predicted, instead of 7.0 m 
produced by early physical models from equivalent materials 
with incorrect loading/unloading sequence (Filip, 1975). 
 
Monitoring. To solve the above problem and get information on 
the feasibility of the mining advance, extensive monitoring of the 
mine bottom heave over a large area has been suggested and 
realized. Benchmarks at a distance of about 25-30 m were 
installed in the adits along the coal seam bottom in a length of 
more than 3 km (Fig. 1).  Precise leveling of the benchmarks was 
provided four times a year and the results approved the above 
FEM prediction, i.e. that excavation of a 10 m thick layer induces 
heave no more than 0.03 - 0.05 m. In order to investigate the 
distribution of the measured heave inside of the rock barrier, 
magnetic settlement plumbs in boreholes were installed.  
 
The hydro-geological conditions were monitored by 
observational wells not only in the aquifer (piezometric head, 
temperature and constituents of thermal water), but in the rock 
barrier as well (temperature, constituents and flow rate of any 
water in it). The latter allowed checking possible structural 
changes of the barrier predicted by the numerical models. 
 
The monitoring system was several times updated concerning the 
measuring devices (GPS, remote records, etc). However, the 
types of measurements were kept and the results obtained form a 
highly valuable data basis for calibrating the numerical models. 
 
FEM Code. A modified version of the original CRISP FEM 
Code (Britto et al. 1987) called CRISP-PATH was used for the 
most of solutions listed below. The modified version has been 
developed since 1993, extending the facilities of CRISP to 
several new areas of application, especially to solution of larger 
3D problems and to appropriate constitutive modeling. Along 
with a number of advanced constitutive models, highly efficient 
solvers of arising linear and nonlinear systems of equations, 
namely linear iterative solvers (Hladik et al. 1997) and non-linear 
solvers of Newton type (Hladik 1998) were implemented. These 
made possible solution of large 3D problems with complex 
geometry, loading sequence and material behavior presented 
below. 
 
Constitutive Model and Parameters. A non-linear, path 
dependent constitutive model well describing the deformational 
response of geomaterials in pre-peak regime was used 
(Dolezalova, 1991). According to this model, stiffness of the 
material response depends not only on the stress level, but also 
on the incremental stress path direction changes. These are 
determined by average normal stress level increase/decrease and 
by relative shear stress level increase/ decrease at stress points.  
A variable stiffness approach is used in pre-peak regime and a 
non-associated perfectly plastic approach with Mohr-Coulomb 
failure surface in peak regime. Function of much more 
sophisticated elastic-plastic double hardening models is 
approximated in this way. The basic parameters like Ein, Eunl, c, ϕ 
were determined according to the field tests (Table 1), and only 
the exponents describing their change with the normal and shear 
stress level were calibrated according to the measured heave. The 
results of such a trial-and-error fitting procedure, carried out for 
four years and for more than 100 benchmarks are shown in Fig. 
4. The obtained set of data has been used without any changes 
since 1991. 
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MINING ADVANCE IN CRITICAL CONDITIONS  
 
In 90s the mine deepened by another 40 m (from El. 300 m to El. 
260 m, Fig. 2) and the dead weight of the rock barrier could not 
balance anymore the initial aquifer pressure along the confining 
boundary. Furthermore, with deepening of the mine, more and 
more tectonic faults disturbing the barrier were encountered. The 
direction of faults was perpendicular to mining advance at the 
beginning of the period and became more complex to the end of 
it. Highly permeable rocks formed the water bearing strata in this 
part of the aquifer, which allowed for efficient water pressure 
reduction by flowing wells. 
 
Assessment of Hydraulic Fracturing Hazard. The first approach 
aimed at prediction of the necessary water head reduction for a 
given mining situation by introducing criteria, which quantify the 
hydraulic fracturing hazard in the domain. To determine the 
safety factor against hydraulic fracturing in different directions, 
the components of total stress tensor (σx, σy, σz, σmin) computed 
for the rock barrier are related to the aquifer pressure p. To get a 
better insight into the problem, double criteria including and 
excluding the tensile strength σt were considered. The safety 
factors including σt are as follows: 
s1t = (σx+σt)/p s2t = (σy+σt)/p s3t= (σz+σt)/p s4t=(σmin+σt)/p
In these relations, s1t <1 and s3t <1 along the confining boundary 
indicate hydraulic fracturing hazard and flow from the aquifer via 
vertical fractures controlled by horizontal stresses σx and σz. 
Factor s2t < 1 indicates those due to horizontal fractures 
controlled by the vertical stress component σy. Hazard due to 
fractures in the least resistance direction is determined by s4t <1 
controlled by the minor principal stress component σmin.  
 
To simplify the stress analysis, perfectly permeable aquifer and 
impermeable rock barrier were assumed and a contact layer along 
the confining boundary was introduced to simulate the joint 
opening/closure in the aquifer. The characteristics of this layer 
were calibrated according to field measurements.  2D mechanical 
models were applied at the beginning and followed later by 2D 
and 3D coupled mechanical-hydraulic models. 
 
Rupture of Flowing Well Casings and its UDEC Simulation. 
Stress analysis using 2D FEM discovered the unfavorable 
influence of tectonic faults, the possible unbalance of the rock 
pressure and fluid pressure near them and that the hydraulic 
fracturing hazard is considerably larger in the horizontal 
direction than in the vertical one. Accordingly, the possible 
failure mode of the rock barrier is not cracking by bending, as 
predicted by early physical models. Instead, progressive 
hydraulic fracturing along the faults and seams and opening of 
flow paths resulting in reduction of impermeability of the rock 
barrier occur. 
 
Such critical situations have already happened, because the water 
pressure reduction by flowing wells has been limited by the limits 
of the withdrawal from the aquifer. The observed failure mode of 
the rock barrier was, however, somewhat different from the 
predicted one. Occasional rupture of casings of wells occurred at 
a depth of 20 - 30 m (six times so far) and only small springs and 
small heave of the mine bottom of about 0.035 m were observed. 
Except the first case when the damage of the well was detected 
too late, quick installation of packers and grouting of the 
ruptured boreholes prevented the pressure drop of the aquifer in 
all cases.  
 
An attempt was made to model the first case making use of 
capabilities of UDEC code (ITASCA 1993) accounting for the 
structure of jointed rock, fracturing of joints, fluid flow through 
fractures, grouted bolts for modeling the grouted double casing 
of wells, etc. In order to account for frequent parallel faults, a 2D 
model in longitudinal direction was formulated (Fig. 5) and to 
simplify the solution, steady flow was assumed. In order to 
compensate the effect of the neglected slopes of the mine, the 
above-mentioned contact layer was strengthened. A number of 
computed quantities well matched the observation (12 m pressure 
drop, well casing rupture at a depth of 20-25 m, gap of about 
0.07-0.3 m) and the results shown in Figs. 6a, b, c, d helped to 
clarify the possible process of borehole rupture. Due to 
excavation between 1993 and 1995, fractures along the planes of 


























Fig. 5   Heave  of the rock barrier measured in the adits and 
backanalyzed by FEM
DOF = 150 027
3D FEM MODEL No1
Fig. 5   3D FEM Model No1 simulating the deepest part of the
mine and the longitudinal section analyzed using UDEC
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initiates fluid flow from the aquifer. If the fluid pressure in the horizontal fracture is larger than the overburden weight, rupture 
of the well (stiff element in the jointed rock) occurs. The last 
water pressure records registered just before the borehole 
ruptures approved this finding. Apart from that, the modeled 
scenario differed from the reality concerning the magnitude of 
the events and their course in time. Fortunately, the model was 
on safe side. In reality, pressurized water has been accumulated 
along some clay/coal contacts due to long-term filtering along the 
faults and not due to fractures along them as in the model. The 
affected areas were smaller and the borehole rupture resulted in a 
new state of equilibrium, which stopped the process. Therefore, 
installing a packer in the borehole and loading the area by fill 
could stabilize the situation. 
 
3D FEM Model of the Deepest Part of the Mine. To cope with 
increasing complexity of the geometry of the mine and 
configuration of faults, large coupled 3D FEM models have been 
elaborated and applied since 1998. The first model worked out 
for decision making of Health Department and Mining 
Authorities concerning the mining advance in 2000 is shown in 
Fig. 5 and some of results in Figs. 7, 8. To get a proper initial 
Detail 
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seam/claystone contact at a depth
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Fig. 8   Comparison of calculated and measured heave along
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Fig. 7   Heave of the rock barrier due to excavation 
1996 - 1999  calculated by the 3D FEM Model No1
MJ 1
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state, the mining advance over preceding 10 years was carefully 
simulated. The model was validated by the measurement results 
corresponding to mining advance in 1996-1999 without any 
calibration (Figs. 7, 8).  Comparison in Fig. 9 illustrates how the 
rock barrier heave registered by magnetic plumbs in MJ1 
Borehole (Fig. 8) approaches the FEM prediction. A gradual 
decrease of the initial difference caused by different starting 
points of measuring and modeling can be observed. The 
increment of the heave between the top and bottom of the barrier 
was only 50 – 60 mm, i.e. only 10 % of the total heave 300 – 
600 mm. This reveals the remaining 90 % of the heave is due to 
joint opening in the aquifer. According to this finding, the 
structural changes of the barrier due to unloading are not so 
dramatic. Also, the simulation of the joint opening in the aquifer 
by a contact layer is an acceptable approximation. 
 
 
MINING ALONG THE GRASSET FAULT 
 
In 2000 Jiri Mine moved in a region with new geological and 
hydro-geological conditions. Firstly, permeable granite forming   
the water bearing strata changed in more or less impermeable 
metamorphic granite, which complicated the pressure head 
reduction by flowing wells. Secondly, the mine reached the 
Grasset Fault, which changed considerably the elevation of all 
strata and divided the coalfield in two parts: the lower part with 
confining boundary of the aquifer at El. 210 m and the upper part 
with confining boundary at El. 270 m (Figs. 10 and 12). Between 
these parts, different strata form the confining boundary of the 
aquifer. 
 
Mining along the Grasset Fault and Analyses Assuming  
Perfectly Permeable Aquifer. The above complex conditions 
were incorporated in two new 3D FEM models (Fig. 10). 
Assuming perfectly permeable aquifer due to fractures in 
metamorphic granite, the safety factor s4t was calculated at 
different piezometric heads for the mining advance in 2001. 
Hydraulic fracturing hazard along the confining boundary in the 
area of the Grasset Fault was predicted at El. 329 m (Fig. 11a) 
and pressure head reduction to El. 320 m (Fig. 11b) and a pillar 
along the fault were recommended. Referring to the high and 
therefore safe altitude of mining and to the low permeability of 
rocks in the aquifer, the possible effect of fluid/rock pressure 
unbalance was underestimated and the recommendations have 
not been accepted. Excavation of smaller blocks of coal near the 
fault caused some accidents, leaks from the aquifer at a high 
altitude, El. 306 m. Fortunately, loading the near-by area by fill 
stopped the first leak and reduced the second one.  
Fig. 9   Comparison of the rock barrier heave measured by 
magnetic settlement plombs and calculated by the 3D FEM 
Model No1












Top of the rock barrier























b) El. 320 s  = 4t
σ σmin t  +
    p
s  > 1.14t
864 000
Fig. 11   Safety factor against hydraulic fracturing s  along the 
Grasset Fault at piezometric heads El.329 m (a) and El.320 m (b)
4t
















El. 329a) s  = 4t
σ σmin t  +
    p
864 000
0.6 < s  < 5.04t
DOF = 155 803; 207 707
3D FEM  Models  No 2  
and  No 3
Fig. 10   3D FEM Models No2 and No3 simulating Grasset 
Fault and the longitudinal section A - A' analyzed by 2D FEM
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In order to optimize the protective measures for safe mining 
advance in this area, 2D FEM parametric studies were carried 
out. The selected section (Fig. 12) was linked to 3D model No 3 
(Fig. 10) and the initial stress state in 2000 was transferred from 
the 3D model to the 2D model. In the first study, the above 
assumption of perfectly permeable aquifer was kept and a slightly 
modified safety factor s4b =(σmin+σtb)/p introduced. That means 
that none but the tensile strength of competent tuffaceous 
claystone is considered in the safety calculations. The effect of a 
set of measures at a higher piezometric head, El. 325 m is shown 
in Figs. 12a,b. With regards to the above assumptions, a low 
safety factor s4b =1 along the confining boundary is considered to 
be enough for safe mining advance (Fig. 12b). 
 
Modeling of pressure dependent fluid flow through confining 
boundary of the aquifer. An attempt has been made to simulate 
flow from the aquifer through the confining boundary into the 
domain above the confining boundary, if hydraulic fracturing 
occurs. The algorithm below has been implemented in the 
CRISP-PATH FEM code.  The aquifer and the domain above the 
confining boundary (‘upper domain’) is considered as a porous 
two-phase medium. The confining boundary of the aquifer is 
modeled by means of a thin layer of impermeable elements. As 
soon as s4t ≤ 1 in an element of the confining boundary, the 
element is set permeable and a hydraulic connection of the 
aquifer and the upper domain arises. A time-dependent fluid flow 
through the confining boundary depends on the permeability and 
the pore pressure (Biot’s consolidation, i.e. coupled mechanical-
hydraulic problem). The initial pressure difference of the aquifer 
and the upper domain (rock/fluid pressure unbalance) is 
determined according to p – (σmin+σt) for the elements of the 
confining boundary with s4t ≤ 1. The value of the coefficient s4t 
along the confining boundary can be checked at each time step of 
the solution and for s4t > 1 the element set impermeable.  
 
Using this algorithm, the effect of permeability of the aquifer 
strata on the safety of mining when fluid/rock pressure unbalance 
occurs was analyzed. Another 2D parametric study was 
elaborated using the same section and conditions as in Fig. 12a. 
A range of coefficients of permeability wider than those in Table 
2 was considered for both, strata in the aquifer and above it. The 
most interesting results displaying the performance of perfectly 
permeable aquifer strata (k = 1 m/sec) and the practically 
impermeable aquifer strata (k = 10-8 - 10-10 m/sec) are shown in 
Figs. 13 and 14. Pore pressure in the pillar, flow through the fault 
(flow rate 3 l /sec) and heave of the domain were calculated for 
permeable aquifer (Figs. 13a, b, c). Pressure decrease in the 
aquifer, negligible flow through the fault (flow rate 0,1 l /sec) 
and settlement of the domain were calculated for impermeable 
aquifer (Figs. 14 a, b, c). Accordingly, this is a situation, when 
the fluid/rock pressure unbalance might have been admitted 
without any hazard. However, the problem is that the aquifer 
strata are disturbed by fractures and their permeability is 
variable. Therefore, permeable aquifer strata should be assumed 





1. Safe advance of an open-pit coalmine loaded by artesian 
water pressure has been successfully controlled via 
interactive use of modeling and monitoring since 1976 up to 
present time. 
2. Numerical models calibrated according to field measurements 
and a measuring system updated according to numerical 
solutions yielded synergistic effect and formed a reliable 
basis for decision-making of the Authorities. 
3. The aquifer pressure reduction and hence the impact on the 
surrounding spa region was kept as low as possible and only 
smaller accidents without long-term effects on the aquifer 
occurred. 
4. Such an approach requires close coordination of all partners 
having been concerned with controlling the mining advance 
and pressure reduction, mapping the geological and hydro-
geological conditions and measuring and modeling the 




























































Fig. 12   Safety factor against hydraulic fracturing s  at El.325:
along the confining boundary s  < 1 without measures
4b
4b  (a) and 
s  1 when a fill and other measures applied (b)4b ≈
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Fig. 13   Pore pressure increase (a), velocity vectors (b) and
heave of the pillar (c) due  to rock/fluid pressure unbalance in 




























Fig. 14   Pore pressure decrease (a), small velocity vectors (b) 
and settlement of the pillar (c) due  to rock/fluid pressure 
unbalance in a practically impermeable aquifer (El.325)
